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(54) Structured catalysts incorporating thick washcoats and method of preparation thereof 



(57) Structured catalysts comprising thick porous in- 
organic catalyst support coatings disposed on monolith- 
ic catalyst support structures, the support coatings hav- 
ing open interconnected porosities of controlled pore 



size but being characterized by improved durability, 
physical integrity, and adherence sufficient for use In liq- 
uid phase applications under harsh reaction conditions, 
and methods for making and using them, are disclosed. 
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Description 

Background of the Invention 

[0001] The prcsonl invention relates to structured cat- 
alysts, and more particularly to structured catalysts of 
honeycomb or other open cross-flow shape wherein the 
catalysts are supported on the interior surfaces of the 
structures by catalyst support or washcoating layers 
configured to improve catalyst effectiveness for the 
treatment of fluid reactant streams passing through the 
structure-/ 

[0C02] Inorganic honeycombs supporting catalyst 
coatings on the interior channel walls of the honey- 
combs are widely used for applications such as auto- 
mobile engine exhaust emissions control. In general, 
the catalysts for these applications are manufactured by 
washcoating selected ceramic or metallic honeycomb 
structures with slurries comprising refractory, high-sur- 
face-area catalyst support oxides, and then depositing 
selected metallic catalysts on the surfaces of the sup- 
port oxides. Thin washcoats of alumina supporting pre- 
cious metal catalysts such as platinum, palladium and 
rhodium these applications arc disclosed, for example, 
in U.S. Patents Nos. 4,762,567 and 4,429,718. 
[0003] A related coating technology, more commonly 
used to deposit thin and usually dense oxide coatings 
on substrates, is sol-gel processing. U.S. Patent No. 
5.210,062 discloses the use of oxide sols to deposit thin 
washcoats on honeycomb supports for automotive cat- 
alytic converters. Sol-gel coatings have also been used, 
for example, to protect underlying substrate materials, 
to improve wear resistance, and to impart desired die- 
lectric properties. The starting materials for these proc- 
esses are liquid sols, which may be defined as liquid 
suspensions of solid particles that are small enough to 
remain suspended indefinitely by Brownian motion. In 
the sol-gel process, these sols are converted to gels by 
appropriate chemical or thennal treatments during 
which solid or semi-solid networks of the solid particles 
are formed, with the liquid phases being uniformly inter- 
spersed throughout. 

[0004] Gels produced in this way can exhibit viscous 
flow behavior permitting shaping into useable fomns 
such as bulk shapes, fibers, coatings and the like. Oxide 
films can be prepared from the gels or their precursor 
sols by methods such as spin, dip, spray, bead, slot, cur- 
tain or brush coating, with subsequent heating to re- 
move the liquids and convert the solids to thin and/or 
dense oxide coatings of a variety of predetermined com- 
positions and structures. 

[0005] One common sol-gel approach for producing 
protective oxide coatings, disclosed for example in U.S. 
Patents Nos. 4.921 .731 and 5,585,136 and in published 
PCT application No. WO 01/16052, is to dissolve orga- 
norhetallic precursor compounds of the desired oxides 
in a suitable solvent and to hydroly7e the organometal- 
Itcs to forni the sol. This sol is subsequently converted 



by chemical treatment or heating to an organic-inorgan- 
ic gel comprising the solvent, oxide particles, and orga- 
no-metalllc polymers or clusters. Coatings of these gels 
can then be further heated to convert them to oxide coal- 
5 ings. The tendency of such sol-gel oxide coatings to 
crack during heating is reduced through the use of par- 
ticulate oxide fillers of appropriate composition. Where 
increased coating density is required, a treatment using 
phosphate components is used. 
10 [0008] The use of sols as oxide powder binders for 
thin oxide catalyst support coatings has also been pro- 
posed. U.S. Patent No. 3,928,239, for example, em- 
ploys a permanent binder of an inorganic acid alumina 
sol in an alumina washcoat for an automotive or station- 
's ary exhaust gas oxidation catalyst. Further, published 
PCT application No, WO 95/23025, discloses sol-based 
oxide underlayers for bonding conventional metal-oxide 
catalyst coatings to metallic catalyst supports, 
[0007] An important goal of much of the washcoating 
technology developed for the support of precious metal 
automobile and other exhaust emissions control cata- 
lysts has been the protection of the oxidation activity of 
the largely surface-concentrated catalyst deposits at 
high operating temperatures and high gas flow rates. 
Coating thicknesses are minimized to reduce system 
back-pressures; thicker coatings confer no advantage 
and are avoided for this reason. Thus adherent wash- 
coats of relatively high surface area and refractoriness, 
but relatively tow thickness and porosity, have been 
used. Unfortunately, such catalysts and washcoats are 
not very effective for promoting other types of reactions, 
including many reactions requiring longer reactant dif- 
fusion paths or involving mixed gas/liquid reaction 
streams. 

Summary of the Invention 

[0008] In accordance with the invention a structured 
catalyst incorporating a thick washcoat and method of 
making it are provided that offer significantly improved 
catalyst effectiveness for slow as well as fast reactions, 
e.g., reactions that may involve liquid phase processing 
and/or that require relatively long catalyst contact times. 
The improved catalytic effectiveness of the invention is 
achieved through the use of structured washcoats of 
substantial thickness and controlled porosity In combi- 
nation with such monoliths, wilh the active catalyst is 
purposefully distributed within the structured washcoat 
to achieve optimal effectiveness for the particular reac- 
tant stream and/or reactant combination being treated. 
[0009] Characteristic features of these structured 
washcoats, in addition to their controlled thickness and 
pore morphology, are full physical integrity (substantial 
freedom from cracks), and high resistance to erosion 
even under reactor conditions involving rapid or turbu- 
lent flow conditions, whether of single phase (gas or liq- 
uid) or two-phase (gas and liquid) composition. These 
features enable the use of structured metal and ceramic 
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supports for the vvashcoats and catalysts that would oth- 
erwise be unsuitable for reasons such as inadequate 
porosity or surface area, chemical inconnpatibility with 
the catalyst or reactant stream, and/or poor chemical or 
physical durability. Also, the washcoats may themselves 
be formed of combinations of support materials that are 
not economically capable of direct shaping into honey- 
comb structured catalyst configurations, or that offer 
combinations of chemical and physical properties not at- 
tainable in conventional metal or ceramic systems. 
[0010] In a first aspect, then, the invention includes a 
structured catalyst comprising a thick porous inorganic 
catalyst support or washcoat layer disposed on at least 
the interior surfaces of an inorganic monolithic support 
structure. For the purpose of the present description 
monolithic support structures and the structured cata- 
lysts made therefrom are both characterized as integral 
structures comprising internal void spaces (channels, 
cavities or the like) bounded by internal surfaces and 
within which a reactant stream entering structured cat- 
alyst for treatment comes into contact with catalytically 
active species in the washcoat layer disposed on the 
internal surfaces. The washcoat or catalyst support lay- 
er, which is generally of oxide composition, will have 
both a predetermined porosity and a minimum layer 
thickness. The monolithic support structure is typically 
of either metallic or ceramic composition, the latter being 
inclusive of carbide, nitride, boride and other non-tradi- 
tional ceramic formulations as well as conventional ox- 
ide ceramic materials. 

[001 1 ] In the case of a honeycomb support structure 
the catalyst support layer will be disposed on the chan- 
nel walls as a thick porous inorganic catalyst support 
layer That layer will typically (i) comprise at least some 
coating areas or sections having a total thickness in ex- 
cess of 300 |im, (ii) provide an open and interconnected 
porosity of at least 5%, more preferably at least 30%, 
and (ill) be characterized by a mean pore size in the 
range from 0.2-1 0"^ nanometers. Disposed on or within 
the pore structure of this catalyst support layer will be a 
metal, metal oxide or other catalytically active species 
having activity and selectivity for the particular reaction 
for which the structured catalyst is to be used. 
[0012] In a second aspect, the invention includes a 
method for making a structured catalyst of monolithic 
configuration as above described. In accordance with 
lhal method an inorganic support structure Is first pro- 
vided, that structure incorporating a plurality of internal 
voids or channels comprising interior catalyst support 
surfaces, this internal structure being open to the exte- 
rior of the structure so that a reactant stream to be proc- 
essed can bo brought Into contact with the surfaces. A 
particularly suitable support structure is an inorganic 
honeycomb structure comprising a plurality of parallel 
through-channels through which the reactant stream 
may flow. To at least the interior channel walls or surfac- 
es of the support structure thus provided is applied a 
wash-coating slurry comprising a powdered oxide cata- 



lyst support material. 

[0013] The slurry includes a liquid phase that consti- 
tutes or contains a precursor for a permanent inorganic 
binder for the oxide catalyst support material. The inor- 
5 ganic binder, typically a metal oxide binder, is selected 
for its effectiveness in forming a thick washcoat of the 
required internal pore structure. The composition of the 
binder may be the same as or different from the compo- 
sition of the catalyst support material, and Its precursor 
will generally be an organometallic or inorganic com- 
pound of the metal that is soluble or highly dispersible 
in ih(? liquid phase of the slurry. 

[0014] Following application of the wash-coating slur- 
ry to the interior channel walls of the support structure 
to form a first slurry coaling layer, the structure and its 
included coating layer are next heated to a temperature 
at least sufficient to remove the liquid phase from the 
slurry to form a first deposited support layer. Further 
healing to cure or partially sinler this first deposited layer 
is preferably undertaken immediately after removal of 
the liquid, but may alternatively bo deferred until after 
additional deposited layers are provided. Thus, follow- 
ing removal of the liquid phase from the first deposited 
layer, the steps of applying wash-coating slurry and 
heating to remove the liquid phase can be repeated to 
form one or more additional deposited layers on the first 
deposited layer, with this process being repeated until 
the combination of the first and any additional deposited 
layer(s) reaches a combined thickness of at least about 
300 jam. Final heating to cure or partially sinter the last 
and any underlying uncured deposited layers can then 
be carried out. 

[001 5] The step of providing a catalytically active spe- 
cies on or within at least one, but more typically all, of 
the deposited layers can be carried out either during lay- 
er deposition, or after all of the layers have been depos* 
ited, and either before or after layer curing has been car- 
ried out. This flexibility allows for the development of 
structured catalyst layers not easily obtainable by con- 
ventional washcoating methods. 
[0016] More specifically, the invention includes a 
method of making a structured catalyst such as above 
described wherein close control over the composition or 
concentration of the catalyst within the structure of the 
washcoating can be provided. As above described, the 
steps of that method include the basic steps of providing 
a wash-coaling slurry lhal contains the powdered oxide 
catalyst support material dispersed in a liquid phase in- 
corporating the inorganic binder precursor; and then de- 
positing the slurry on the support to fonrj first and suc- 
ceeding slurry coating layers, with heating as appropri- 
ate to remove liquid phases from the layers, until a 
washcoating of the required thickness is provided. How- 
ever, in accordance with this aspect of the invention the 
distribution of catalyst within the washcoat is controlled 
by providing catalytically active material on or within at 
least some of the coating layers as they are deposited. 
This permits the catalytic species in at least some of the 
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layers to differ in composition and/or in concentration 
irom that provided in adjacent layers. Alternatively, it 
permits precise control over the concentration of a sin- 
gle catafytically active species in each layer thus insur- 
ing a high degree of catalyst concentration uniformity 
across the entire layered structure. This process thus 
offers the option of a completely homogenous distribu- 
tion of catalyst throughout the entire thickness of the 
thick washcoal, or allcrnalivcly a layered washcoal 
wherein the layers may not only contain different cata- 
lytic species, but may also differ from adjacent layers as 
to thickness, poro-sity, or both. The steps that can op- 
tionally be followed to vary the composition, pore mor- 
phology, or other properties of the catalyst support layer 
for the purpose of adapting the structured catalyst to 
specific applications are several. For example, catalysts 
or other additives can be included in the slurry compo- 
sition, or instead deposited on the powdered oxide cat- 
alyst support added to the slurry. The latter procedure 
is particularly effective to insure a wide distribution of 
catalyst throughout the thickness of the catalyst support 
layer after curing. 

[0017] Also useful as optional slurry constituents are 
porc-fomning additives that can be used to modify the 
pore structure of the layers through subsequent thermal 
or chemical treatment thereof. And, constituents that 
can promote gelling of the deposited layers prior to dry- 
ing can be included in the slurries as a means to in- 
crease deposited layer thickness, modify the final coat- 
ing microstructure, or control the geometrical shape of 
the deposited layers. 

[0018] In yet a third aspect the invention comprises 
an improvement in the process for catalytically treating 
a liquid or gas-liquid feedstream with a structured cata- 
lyst. Structured catalysts of the kind conventionally used 
for gas phase reactions, comprising inorganic catalyst 
support structures wherein the catalysts are disposed 
on relatively thin oxide catalyst support coatings have 
been proposed for such treatments, but are not well 
adapted for such use. In general, the volumes of catalyst 
are small, catalyst accessibility Is limited, and the coat- 
ings are insufficiently durable to tolerate contact with 
flowing liquids. 

[0019] In accordance with the Invention the oxide cat- 
alyst support coating employed Is a thick, porous, 
strongly adherent oxide washcoat incorporating at least 
some coating sections exhibiting a total thickness in ex- 
cess of 300 Jim and having a high volume of open, in- 
terconnected porosity. That porosity is generally char- 
acterized by a mean pore size in the range of about 
0.2-10"^ nanometers and a pore volume making up at 
least 5% by volume, preferably at least 30% by volume 
of the washcoat. 

Description of the Drawings 

[0020] The Invention may be further understood by 
reference to the drawings, wherein: 



[0021] Fig. 1 shows a cross-section of a washcoaled 
honeycomb catalyst provided In accordance with the in- 
vention; 

[0022] Fig. 2 is an enlarged view of a section of a thick 
5 alumina washcoal provided in accordance with the in- 
vention; and 

[0023] Fig. 3 is a plot of catalyst concentration through 
a cross-section of a thick washcoat provided in accord- 
ance with the invention. 

10 

Detailed Description 

[0024] An Important aspect of the invention is the find- 
ing that conventional thin washcoating layers, e.g., gen- 
's erally below 300 micrometers In thickness, will not per- 
form adequately in many chemical reactions Involving 
the treatment of liquid-containing feed streams at rea- 
sonable liquid flow rates. This can be because the flow- 
ing liquids lend to separate the coalings from the sup- 
^0 ports, or because for reactions with a weak limitation by 
mass transfer a thin layer of catalyst results In unaccept- 
able process yields, or both. 

[0025] Providing substantial areas of strongly adher- 
ing porous coating materia! at thicknesses of 300 mi- 
25 crometers or more in accordance with the invention can 
significantly improve process yields. In fact, even higher 
thicknesses, e.g. coating layers averaging above 300 
micrometers, or even above 500 micrometers or 750 mi- 
crometers in thickness will be required for some two- 
30 and three-phase reactions involving the treatment of 
flowing liquid or gas-liquid feedstreams in order that 
commercially acceptable reaction rates can be realized. 
[0026] An important advantage of the use of thick 
washcoats in accordance with the invention Is the ability 
35 to tailor the texture of the washcoat to develop a specific 
pore morphology for each intended application. The po- 
rosity, and particularly the macroporoslty, of the wash- 
coat can be adjusted either by process modifications or 
through the use of supplemental pore fomners. Of 
40 course the use of highly porous washcoats has the rec- 
ognized tendency to decrease washcoat density and 
catalyst loading density per unit of reactor volume so 
that, in general, compromises providing the optimal pore 
morphology for each particular stmctured catalyst appli- 
es cation and reactor design are necessary. 

[0027] Tuning washcoat texture extends not only to 
the developnnent of higher or lower washcoal densities, 
but also to the creation of different textures across the 
thickness of the deposited washcoat, e.g. through use 
50 of washcoat layering. Multiple functionalities can be pro- 
vided by incorporating two or more regions of differing 
density, pore morphology, or catalyst concentration or 
composition within selected portions the washcoating 
layer. Many of the techniques for the production of wash- 
es coating layers permit good control over layer thickness 
and coating texture. Thus different textures at each point 
across the thickness of the coating and/or multimodal 
pore size distributions at selected points where required 
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for a particular chemical processing application, are 
readily enabled. 

[0028] Control over vvashcoat surface texture is of 
particular interest for applications such as counter-cur- 
rent catalytic reactions wherein liquid and gas flow rates 
and reactor operating ranges are limited by flooding 
phenomena. Although flooding can bo triggered by var- 
ious mechanisms, as well documented in the literature, 
the use of washcoats with optimized texture to impact 
certain of these mechanisms can be effective to retard 
flooding so that higher liquid and/or gas flow rates and 
broader reactor operating ranges can be achieved. For 
example, honeycomb monoliths provided with highly 
porous washcoats may favor more stable liquid films on 
the channel walls of the honeycombs, retarding the for- 
mation of liquid bridges that can induce flooding in such 
channels. 

[0029] Washcoat porosity and morphology can also 
be useful lo control the selection and concentration of 
chemical species adsorbed on the walls of structured 
catalysts, e.g.. the thickness of the liquid film formed on 
the channel walls of a washcoated honeycomb. High 
washcoat porosity can reduce the incidence of dry spots 
on such channel walls as porous surfaces arc more eas- 
ily wetted by flowing liquids, 

[0030] Mass transfer control in catalytic reactors is an- 
other area where the adjustment of washcoat pore mor- 
phology can be helpful. For example, the use of more 
porous washcoats can increase chemical reaction effi- 
ciency in cases where catalyst accessibility is a control- 
ling factor in a rate limiting reaction step. Further, where 
the channel walls of a structured catalyst themselves 
feature open porosity, permitting some liquid flow be- 
tween channels, the use of highly porous washcoats can 
aid inter-channel liquid flow that can help to equalize liq- 
uid loading among the various channels through the cat- 
alyst. 

[0031] Washcoats with different textures across their 
thicknesses can be effective to limit the diffusion of par- 
ticular reactants to particular catalysts disposed in spe- 
cific locations within the washcoat layer. Such limits can 
be of substantial advantage for purposes such as im- 
proving the selectivity of the structured catalyst for cer- 
tain reactions. Thus, for example, undesired reactions 
with larger molecules in a multicomponent reactant feed 
can be retarded using reduced washcoat pore sizes to 
limit molecular access lo underlying catalyst layers. An 
analogy is found in the present commercial use of bimo- 
dal catalysts for the removal of V and Ni through the hy- 
drodemetallization of heavy oil feedstocks. However, 
conventional catalyst deposition methods favoring the 
homogeneous distribution of catalyst metals or oxides 
on or within homogenous supports or washcoats. in- 
cluding impregnation, adsorption, precipitation and di- 
rect extrusion methods, do not lend themselves to the 
production of these graded catalysts. 
[0032] One example of a structured catalyst that can 
easily be implemented through the use of the thick 



washcoats of the invention is an "eggsheir catalyst of 
only limited layer thickness. These catalyst types can 
be used alone or in combination with buried layers of 
other catalysts. Also possible are shielded catalysts in- 
s tended for use with solid-bearing abrasive gas or liquid 
feeds, wherein a reactant-permeable porous protective 
washcoat layer is applied over the underlying calaly/ed 
washcoat to diminish catalyst erosion in use. Specific 
examples of other thick washcoat implementations in- 
10 elude structured catalysts incorporating alternating lay- 
ers of calal\vcd /oolites and oxide-supported metal cat- 
alysts thai cooperate to form a protective shield against 
cataSysl contamination in hydrocracking processes. 
Thermally engineered catalysts incorporating high- 
's heat-capacity washcoat layers effective to limit catalyst 
heating and deactivation in strongly exothermic reac- 
tions can also be designed. 

[0033] The process variations useful for the produc- 
tion of thick washcoats on structured catalysts in accord- 

20 ance with the invention are those effective to produce 
crack-free, adherent coatings with adequately intercon- 
nected porosity at high coating pore volumes. In gener- 
al, the more successful procedures will involve the use 
of inorganic binder formulations wherein the permanent 

25 binder component of the formulation is a dissolved com- 
pound or well-dispersed solid of a particle size that is 
well below that of the oxide powder forming the bulk of 
the washcoat. and also below the intended pore size of 
the coating. Such components can include inorganic ox- 

30 ide sols as well as dispersions of solid oxides of very 
fine particle size. 

[0034] Structured catalysts provided in accordance 
with the invention offer significant economic and per- 
formance advantages when used in commercial reac- 
ts tors employed for the processing of liquid and gas-liquid 
process streams. A particulariy important advantage is 
that essentially any durable stnjcture can be used to 
support the thick washcoats and catalysts, since the im- 
pacts of support structure chemistry and microstructure 
40 are essentially eliminated. Thus no special composition- 
al ormicrostructural properties are required of the struc- 
ture supporting the washcoat and catalyst. 
[0035] The porous washcoats themselves can be pro- 
vided in a wide range of thicknesses and porosities, e. 
^5 g., from 300 micrometers to 3 or more millimeters in 
thickness, with average pore sizes ranging up to 1 0 mi- 
crometers and pore volumes from at least 5%, or more 
preferentially from at least 30%. up to 65% or even high- 
er. Yet the coatings are sufficiently adherent and dura- 
50 ble, particulariy when oxide gel binder phases are em- 
ployed, that they can offer dependable service in gas- 
liquid environments with small risk of washcoat damage 
or loss of catalyst even at relatively high gas and/or liq- 
uid velocities. Hydrotreating reactions such as hydro - 
55 gcnation, hydrodomotalli7alion, and hydrodosulfuri/a- 
tion, carried out with gas-liquid feed streams wherein hy- 
drogen is present in the gas phase, are examples of re- 
actions wherein thick porous washcoats of the kind 
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herein described are particularly useful. 
[0036] The composition of the particular calalytically 
active species that may be incorporated within the po- 
rous washcoats of the structured catalysts is not critical, 
but may be detenmined in accordance with conventional 5 
practice, i.e., in view of the particular application orproc- 
ess environment within which the structured catalyst is 
to be utilized. Conventional catalysts that can be advan- 
tageously employed in accordance with the invention in- 
clude at least the precious metal catalysis of Group VII lA io 
of the Periodic Table of "Elements, as well as the transi- 
tion metals of Groups IVA. VA, VIA, VMAand VINA there- 
of. 

[0037] The invention may be further understood by 
reference to the foHciwing detailed examples of thick is 
washcoats provided in accordance therewith, which, 
however, are intended to be illustrative rather than lim- 
iting. 

Example 1 - Structured Catalyst Support with Thick Sol- 20 
Bound Washcoat 

[0038] A thick durable alumina washcoat of high po- 
rosity is provided on the interior channel walls of a cc- 
ramie honeycomb monolith catalyst support of cordierite 25 
composition. The ceramic honeycomb selected for 
washcoating is a square-celled cordierite honeycomb 
having a cross-sectional cell density of about 7 celts/cm2 
and a channel wall thickness of about 0.6 mm. 
[0039] To provide an alumina washcoating on the in- 30 
teriorchannel walls of this honeycomb, a quantity of alu- 
minum isopropoxide (99% wt.) is first hydrolyzed by mix- 
ing with hot water and the mixture then peptized by the 
addition of nitric acid to achieve a pH of 4 to produce an 
alumina sol binder solution containing about 1 mole of 35 
alumina per liter of sol. 

[0040] A quantity of a high-surface-area gamma alu- 
mina powder (surface area of about 200 m^/g) is next 
added to this alumina sol to produce a coating slurry for 
a honeycomb washcoat. A weight addition of about 0.35 40 
parts powdered alumina for each 1 part of alumina sol 
is sufficient to form an alumina slurry of a viscosity suit- 
able for application to the selected honeycomb by dip- 
ping, either directly or with some water thinning as ap- 
propriate to insure complete coverage of internal chan- 45 
nel surfaces. 

[0041] To deposit the alumina washcoat, the cordier- 
ite honeycomb is dipped in the alumina slurry, allowed 
to drain, and the residual coating layer then dried and 
cured by heating the honeycomb and coating to a tern- so 
perature of 600°C. This heating cures and strongly 
binds the coating layer to the honeycomb channel walls. 
These dipping, draining, drying and curing steps are 
then repeated to deposit two additional washcoating lay- 
ers onto the walls of the honeycomb channels. ss 
[0042] The product of a procedure such as described 
is a coated cordierite honeycomb supporting a porous 
alumina washcoat of substantial thickness. A represent- 



ative coated channel of that honeycomb is Illustrated in 
the photomicrograph constituting Fig. 1 of the drawing, 
the white bar in the micrograph corresponding to a di- 
mension of 2 mm. The porosity of the illustrated wash- 
coat is about 65% as determined by mercury intrusion 
porosimotry. Fig. 2 of the drawing is a scanning electron 
photomicrograph of a channel section of a similarly 
washcoated cordierite honeycomb wherein the white 
bar represents a dimension of 600 micrometers. 
[0043] As Fig. 1 of the drawing suggests, a washcoat- 
ing procedure such as described above readily produc- 
es a coating layer thickness in excess of 700 microme- 
ters over the entire wall surface of each channel, with at 
least some sections of the coating layer, .e.g. the corner 
sections shov/n in Fig. 1, exceeding 1500 micrometers 
in thickness. Yet despite this substantial thickness and 
high coating porosity, these coatings are well-adhered 
and durable, have good resistance to thermal shock, 
and can withstand prolonged exposure to flowing liquid, 
gas-liquid, and even gas-liquid-solid feed streams with- 
out chipping or spalling. 

Example 2 - Pt Catalyst on Thick Alumina Washcoat 

[0044] To prepare a structured platinum catalyst, a 
catalyst support in the form of an alumina-washcoated 
cordierite honeycomb produced in general accordance 
with the procedure described in Example 1 above is first 
provided. For this catalyst, a catalyst preparation is 
made by dissolving HgPtCle in 80 ml water to form an 
aqueous solution containing about 0.4 % platinum by 
weight. 

[0045] The washcoated catalyst support is catalyzed 
by immersion into the catalyst solution thus provided, 
the result being a complete platinum impregnation of the 
porous alumina washcoat throughout its thickness. Fol- 
lowing the impregnation of the washcoat with the cata- 
lyst solution, the solution-treated support is dried and 
then heated in air to 400'C to vaporize the water and 
convert the platinum compound to platinum. It is there- 
after cooled and examined. 

[0046] Electron microprobe examination of the cata- 
lyst-impregnated washcoat thus prepared shows a good 
distribution of the catalyst throughout the coating. 
[0047] The thus-catalyzed washcoat retains a poros- 
ity of about 50% and an average pore size of about 10 
nm. Quanlilalive chemical analysis indicates that the fi- 
nal platinum loading of the washcoat is about 0.3% by 
weight, calculating the platinum as the oxide. The cata- 
lyzed washcoat remains substantially free of cracks and 
voids, and is bonded strongly enough to the honeycomb 
substrate to provide good resistance to chipping and 
flaking under combined gas and liquid flows. 
[0048] Fig. 3 of the drawing plots platinum concentra- 
tion against coating depth through a 1 .3 mm-thick sec- 
tion of a platinum-catalyzed alumina washcoat pro- 
duced substantially in accordance with the foregoing ex- 
ample. The platinum concentrations shown in Fig. 3 are 
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in arbitrary units, corresponding to the relative concen- 
tration of platinunn as the oxide. Platinum concentrations 
are shown as a function of depth into the washcoating 
from the washcoat surface toward the washcoat base in 
micrometers. As Fig. 3 reflects, good penetration of the 
platinum into the porous washcoat is achieved by wet 
impregnation as described, with no significant gradient 
in platinum concentration being observed as between 
surface and base regions of the washcoat. 

Example 3 - Alumina-Supported Pt Catalyst in Thick 
Washcoat Support 

[0049] An allcrnativo method of making a structured 
catalyst with a thick washcoat involves uniformly im- 
pregnating a powdered oxide washcoat filler material 
with a catalyst prior to combining it with a selected sol 
binder solution. To provide a catalyzed alumina wash- 
coat in accordance with this method the procedure of 
Example 1 is repeated, except that the gamma alumina 
powder introduced into the washcoating slurry is a pow- 
der that has first been catalyzed with platinum before 
being combined with the alumina binder sol. 
[0050] A catalyzed alumina powder suitable for this 
purpose is prepared by treating a quantity of high-sur- 
face-area gamma alumina powder (surface area of 
about 200 m2/g) with a HgPtCle catalyst solution pre- 
pared as reported in Example 3 above. The alumina 
powder is added to this solution with nnixing, and the re- 
sulting mixture is then dried by heating in air to 400 **C. 
[0051] The catalyzed alumina thus prepared is added 
to a quantity of alumina sol as described in Example 1, 
and a cordierite honeycomb is then washcoated with the 
resulting catalyst-containing slurry as therein described. 
With repeated dip-coating, drying, and curing as de- 
scribed in that Example a final washcoat thickness of 
about 0.8 mm is achieved. The resulting product is a 
thick-washcoat structured platinum catalyst wherein a 
uniform, gradient-free distribution of the platinum cata- 
lyst across the entire thickness of the alumina washcoat 
is provided. 



Example 4 - Alumina-Supported Base Metal Catalyst in 
Thick Washcoat Support 



[0052] The gamma alumina catalyst impregnation 
procedure of Example 3 is repeated except that the cat- 
alyst introduced onto the alumina powder is a cobalt- 
molybdenum catalyst of the type useful for the hydrot- 
reating of petroleum distillate feedstocks. An aqueous 
solution of cobalt nitrate and ammonium heptamolyb- 
datc is added dropwise to a quantity of high-surfaco- 
aroa gamma alumina powder (surface area of about 200 
m2/g), with mixing and the thus-treated powder is dried 
and then heated to 460'*C to convert the salts to the ox- 
ides. 

[0053] Tho calaly/cd alumina thus provided is noxl 
added to an alumina sol binder solution prepared as de- 



scribed in Example 1 . The alumina addition is made in 
a proportion of about 0.3 parts alumina powder for each 
part of sol binder solution by weight, with water being 
added after the alumina powder addition to adjust to a 

5 suitable washcoating viscosity. 

[0054] A cordierite honeycomb as described in Exam- 
ple 1 is then washcoated with the resulting catalyst-con- 
taining slurry by dip-coating, drying, and curing as de- 
scribed in that Example. These coating steps are re- 

10 pealed to achieve a total catalyzed washcoat thickness 
of about 1 mm v»ithin the channels of the honeycomb. 
The final product is a structured Co-Mo catalyst wherein 
the catalyst oxides are distributed unifomily throughout 
the entire thickness of the thick alumina washcoat. 

15 

Example 5 - Structured Catalyst Support Washcoat with 
Fine Oxide Binder 

[0055] As an alternative to the use of a sol binder for 
20 a thick structured catalyst washcoat, a binder addition 
of a sinterable particulate solid may be employed. A use- 
ful sinterable solid for a gamma alumina washcoat is a 
boehmite (hydrated alumina) powder of fine particle 
size. 

25 [0056] To prepare a washcoating slurry in this binder 
system, a powder blend consisting of about 80 parts by 
weight of a high-surface-area gamma alumina powder 
(surface area of about 200 m2/g) and 20 parts by weight 
of a commercially available boehmite powder (Pural SB 

30 alumina from Sasol North America, Inc., Tuscon, A2. 
USA) is first prepared. This powder blond Is then mixed 
into an alcohol-water vehicle consisting of 25 parts wa- 
ter and 75 parts ethanol by volume, with thorough blend- 
ing of the mixture to obtain a homogeneous dispersion. 

35 [0057] The slurry thus provided is applied to the inte- 
rior channel walls of a cordierite honeycomb of the same 
honeycomb geometry as that of the honeycomb em- 
ployed in Example 1, A dip coating procedure as de- 
scribed in Example 1 is followed to apply the Individual 

40 washcoating layers, with the honeycomb being drained 
and the slurry coating bonded to the honeycomb chan- 
nel walls by drying and firing to SSO^C after each immer- 
sion of the honeycomb in the slurry. Repeating this dip- 
coating procedure 3 times produces a final washcoat 

43 having a thickness of about 0.33 mm at Interior comer 
locations within the honeycomb channels. 

Example 6 - Thick Silica-Alumina Washcoat 

50 [0058] To provide a thick porous washcoat of some- 
what higher acidity than gamma alumina, a powdered 
alumina-silica oxide mixture may be used to provide tho 
particulate oxide component of the washcoating slurry. 
A suitable coating procedure would utilize the washcoat- 

55 ing fomnulation of Example 1 , but wherein a mixed alu- 
mina silica powder is substituted forthe gamma alumina 
powder used in that Example. 

[0059] A suitable powder mixture for this application 
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is a mixed alumina silica powder consisting of about 70 
parts by weight of powdered alumina and 30 parts by 
weight of powdered silica providing a surface area of 
about 470 m2/g. Powdered silica commercially available 
as Siral 30 silica powder from Sasol North America Inc. s 
can be used to prepare this mixture. 
[0060] When combined with the sol binder system of 
Example 1 a silica-alumina slurry exhibiting good coat- 
ing characteristics for the application of a mixed oxide 
washcoal to a cordierile honeycomb catalyst support io 
such as coated in Example 1 i*- provided. Repeated dip- 
ping, drying, and heat-curing o^' coating layers provided 
with this slurry can readily provide adherent, crack-free 
silica-alumina washcotts of 'nillimeter thickness, 

15 

Example 7 - Thick Molecular Sieve Washcoat 

[0061] Thick washcoats incorporating molecular 
sieves such as ijeoliles for the acceleralion or control of 
selected catalytic reactions can also be effectively pro- 20 
vided through the use of sol binders in accordance with 
the invention. In one illustrative example, the procedure 
of Example 1 is followed except that a powder mixture 
consisting of 40 parts by weight of high-surfaco-arca 
gamma alumina powder (surface area of about 200 rrfi/ 25 
g) and 60 parts by weight of a commercial H-Y zeolite 
is used In place of the gamma alumina to prepare a 
washcoating slurry as therein described The zeolite 
used suitably comprises CB\/-760 H-Y zeolite, commer- 
cially available from Zeolyst International of Valley 30 
Forge, PA, USA. Well-bonded, crack-free washcoats of 
400 micrometers thickness or more can readily be pro- 
vided in as few as 4 dipping steps with slurries of these 
compositions. 

35 

Example 8 - Structured Metal Catalyst Support with 
Thick Sol-Bound Washcoat 



[0064] Developing washcoats of very large pore size 
and/or pore volume can be critical for certain types of 
catalytic applications, particularly where three-phase 
processing involving the treatment of gas-liquid feed 
streams with solid supported catalysts is required. Ad- 
vantageously, pore size and/or pore volume enhance- 
ments can readily be provided in accordance with the 
invention through the use of pore-forming additives to 
the above-described washcoating fonmulations. The na- 
ture of the pore-forming additive is not critical; the se- 
lected additive may comprise any one of a number of 
chomica! agents of known utility for the enhancement of 
porosity in fired ceramic materials, or a combination 
thereof. 

[0065] Specific examples of pore fomiing additives 
that are preferred for washcoat modifications in accord- 
ance with the Invention include additives such as graph- 
ite and cornstarch. These can be Introduced into the 
washcoating slurry just prior to application, with thor- 
ough mixing to Insure adequate dispersion, and remain 
in the dried coating until the coating temperature rises 
to the oxidation point of the additive in the course of cur- 
ing the washcoat. In cases where the structured cata- 
lytic support is itself formed of porous materials, those 
washcoats are less inhibiting of channel cross-flow than 
conventional non-porous washcoats, even though of 
much higher thickness. 

[0066] The foregoing examples of specific composi- 
tions, processes, articles and/or apparatus employed in 
the practice of the present invention are of course in- 
tended to be illustrative rather than limiting, and it will 
be apparent that numerous variations and modifications 
these specific embodiments may be practices within the 
scope of the appended claims. 



Claims 



[0062] Thick washcoats provided in accordance with 1. 
the invention can also be used to provide structured cat- 40 
alysts from metal packing structures of the kind utilized 
to enhance mass transfer in large chemical distillation 
and absorption columns. Examples of structured metal 
packing elements useful for the support of such wash- 
coats include the Rombopak® family of structured pack- 45 
ing elements commercially available from Kuhni AG, 
Winterthur, Germany. 

[0063] To provide a catalyst support using such a sup- 
port structure a sol-bound gamma alumina washcoating 
slurry is prepared as described in Example 1 , and a so 
structured metal packing element of the kind above de- 
scribed is washcoatcd by repeated dipping, drying and 
heat-curing of slurry coating layers as described in that 2. 
Example. The product of seven dipping and curing steps 
In accordance with this procedure is a structured metal 55 
catalyst support having a washcoating of gamma alumi- 
na about 0.6 mm in thickness that is both free of cracking 
defects and strongly adhered to the packing element. 



A structured catalyst comprising: 

a monolithic catalyst support structure; 
a porous inorganic catalyst support coating dis- 
posed on the support structure, the support 
coating having an open, interconnected pore 
volume in excess of 5%, a pore size distribution 
characterized by a median pore size from 2 
angstrom to 10 microns, and incorporating at 
least some coating regions having a thickness 
in excess of 300]im; and 
a catalytically active species disposed on or 
within the support coating. 

A structured catalyst in accordance with claim 1 
wherein the monolithic support structure is a struc- 
ture comprising internal void spaces comprising in- 
ternal surfaces supporting the washcoat and cata- 
lytically active species. 
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3. A structured catalyst in accordance with claim 1 
wherein the monolithic support structure is formed 
of an inorganic material selected from the group 
consisting of metals and ceramics, the ceramics 
having compositions selected from the group con- 
sisting of oxides, borides, carbides and nitrides. 

4. A structured catalyst in accordance with claim 1 
wherein the monolithic support structure is a ceram- 
ic honeycomb structure. 

5. A structured catalyst in accordance with claim 4 
wherein the monolithic honeycomb structure in- 
cludes ceramic walls having open porosity. 

6. A structured catalyst in accordance with claim 1 
wherein the catalytically active species Is a metal or 
metal oxide catalyst. 

7. A structured catalyst in accordance with claim 1 
wherein the inorganic catalyst support coating has 
an average thickness in excess of SOOum and a po- 
rosity of at least 30% by volume. 

8. A structured catalyst in accordance with claim 1 
wherein the inorganic catalyst support coating is a 
metal oxide coating incorporating a permanent 
binder comprising a metal oxide gel. 

9. A structured catalyst in accordance with claim 1 
wherein the inorganic catalyst support coating in- 
corporates at least two regions differing in density, 
pore morphology, or catalytic species composition 
from one another. 

10. A structured catalyst in accordance with claim 1 
wherein the inorganic catalyst support coating in- 
corporates a reactant-permeable porous protective 
layer disposed over at least one underlying cata- 
lyzed layer. 

11. A structured catalyst in accordance with claim 8 
wherein the monolithic support structure is com- 
posed of cordierite and the inorganic catalyst sup- 
port coating comprises alumina. 

12. A structured catalyst in accordance with claim 8 
wherein the inorganic catalyst support coaling in- 
corporates a zeolite. 

13. A method of making a structured catalyst which 
comprises the steps of: 

(a) providing a monolithic inorganic catalyst 
support structure; 

(b) providing a wash-coating slurry comprising 
a powdered oxide catalyst support material dis- 
persed in a liquid phase that contains or con- 



stitutes a pemnanent inorganic binder precur- 
sor; 

(c) depositing the slurry on at least the interior 
surfaces of the inorganic support structure to 

5 form a first slurry coating layer; 

(d) heating the first slurry coating layer to a tem- 
perature at least sufficient to remove the liquid 
phase therefrom to provide a first deposited 
support layer; 

^0 (e) repeating steps (a)-(d) above to fomi one or 

more additional deposited support layers, the 
said steps being repeated to provide a multiple 
layer combinad coating comprising at least 
some regions having a combined coating thick- 
ness of at least SOO^irn; and 
(f) providing one or more catalytically active 
species on or In one or more of the deposited 
support layers. 

20 14. A method in accordance with claim 13 wherein the 
monolithic inorganic catalyst support structure is a 
ceramic honeycomb support structure. 

15. A method in accordance with claim 13 wherein the 
•^5 permanent inorganic binderprecursor is a metal ox- 
ide binder precursor 

16. A method in accordance with claim 13 wherein the 
permanent inorganic binderprecursor a metal oxide 

30 sol or gel. 

17. A method in accordance with claim 1 3 wherein com- 
bined coating averages at least SOO^im in thickness. 

35 18. A method in accordance with claim 13 wherein the 
first slurry coating layer and one or more additional 
slurry coating layers are cured by heating to achieve 
partial sintering. 

19. A method in accordance with claim 13 wherein the 
wash-coating slurry comprises a catalyst selected 
from the group consisting of precious metal cata- 
lysts and transition metal catalysts. 

^5 20. A method in accordance with claim 13 wherein the 
catalyst is applied to the combined coating after cur- 
ing. 

21. A method in accordance with claim 13 wherein the 
so wash-coating slurry comprises a pore-fonming ad- 
ditive. 

22. A method in accordance with claim 13 wherein the 
wash-coating slurry comprises a gel-promoting 

55 constituent. 

23. A method in accordance with claim 13 wherein the 
permanent inorganic binder precursor is selected 
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from the group consisting of dissolved compounds 
and dispersed oxide solids having a particle size be- 
low the particle size of the powdered oxide catalyst 
support material. 

5 

24. A method in accordance with claim 13 wherein the 
powdered oxide catalyst support material is select- 
ed from the group consisting of alumina, alumina- 
silica mixtures, and zeolites. 

10 

25. A method in accordance with claim 13 wherein the 
powdered oxide catalyst support material compris- 
es alumina and the inoryartlc bifider precursor is an 
alumina sol. . '. • . 

15 

26. A method in accordance with claim 13 wherein the 
catalytically active species provided on at least one 
of the deposited support layers differs in concentra- 
tion or composition from the catalytically active spe- 
cies provided on at least one adjacent deposited 20 
support layer. 

27. In a process for catalytically treating a gas-liquid 
focdstrcam with a structured catalyst where the 
structured catalyst comprises an inorganic catalyst 25 
support structure provided with an oxide catalyst 
support coating containing a catalyst, the Improve- 
ment wherein the oxide catalyst support coating is 

a porous, adherent oxide coating having an open 
interconnected porosity characterized by a mean 30 
pore size in the range from 0.2-10* nanometers, a 
pore volume constituting at least 5% by volume of 
the coating, and one or more coating sections ex- 
ceeding SOO^im in thickness. 

35 

28. A process in accordance with claim 27 wherein the 
oxide coating has an average thickness of at least 
500^m and a pore volume constituting at least 30% 
by volume of the coating. 

40 

29. A process in accordance with claim 27 wherein the 
catalyst comprises a catalytically active species se- 
lected from the group consisting of precious metals 
and transition metals. 

45 

30. A process In accordance with claim 27 wherein the 
gas -liquid feed stream comprises hydrogen and the 
catalytic treating process is a hydrotreating proc- 
ess. 

so 

31. A process in accordance with claim 30 wherein the 
hydrotreating process is selected from the group 
consisting of hydrogenation, hydrodemetallization, 
and hydrodesuifuhzation. 
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